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■ INTRODUCTION
There has been enduring interest in complex transition metal oxide phases due to the wide variety of unusual physical properties they exhibit. A particularly fruitful area for the discovery of novel physical behavior has been the investigation of phases which lie close to metal−insulator transitions, as these materials often play host to a number of different competing electronic ground states. As these ground states have similar stabilities, small chemical or structural modifications of such systems can be used to adjust the relative energies and thus stabilities of these competing states, enabling the properties of the materials to be tuned to potentially exhibit exotic behavior such as superconductivity or magnetoresistance. 1 Cubic perovskite phases containing octahedrally coordinated Cr 4+ centers fall into this category of materials because the bandwidth W, arising from the overlap of chromium d orbitals, and the Hubbard U, arising from electron−electron interactions, are approximately equal; thus, small structural changes, such as adjusting the Cr−O−Cr bond angle of a phase, can be used to tune behavior from metallic to insulating. However, the study of Cr 4+ -containing perovskite phases is challenging, as the ionic radius of Cr 4+ is too small to readily occupy the 6-fold octahedral B-cation site in the perovskite lattice (4-fold tetrahedral coordination is preferred). This means that perovskite phases (and the related layered Ruddlesden−Popper phases) containing Cr 4+ can normally only be prepared under high-pressure conditions. 2 As a result, the samples produced tend to be of small size and contain binary chromium oxide impurities, typically CrO 2 , which hamper the detailed physical characterization of these phases. 2 The low-temperature topochemical modification of complex transition-metal oxides offers many opportunities for preparing metastable phases containing transition-metal centers with unusual oxidation state/coordination geometry combinations, because the reactions are performed under kinetic, rather than thermodynamic, control. 3, 4 By adopting such an approach, it is possible to avoid the need to use high-pressure synthesis conditions to prepare extended oxide phases containing octahedrally coordinated Cr 4+ centers. A particularly useful set of reactions in this regard are the oxidative anion insertion reactions of layered Ruddlesden− Popper oxides. For example, reaction of A 3 B 2 O 7 n = 2 Ruddlesden−Popper oxides with fluorine gas or with in situ fluorine sources such as CuF 2 or poly(vinylidene fluoride) leads to the oxidative insertion of fluoride ions into vacant tetrahedral anion coordination sites within the "rock salt" layers of the materials, which in the simplest case convert the A 3 B 2 O 7 phase into an A 3 B 2 O 7 F 2 phase, as shown in Figure 1 . 5−7 The insertion of fluoride ions raises the oxidation state of the B-cations by one unit, but because the fluoride ions are inserted into the structure outside the coordination sphere of the B-cations, their local coordination geometry remains largely unchanged. (99.97%) were ground together and then heated in air at 1000°C for 20 h to decompose the carbonate. The resulting material was then pressed into 13 mm diameter pellets and heated at 1460°C for four periods of 55 h under flowing argon. X-ray powder diffraction data collected from La 2 SrCr 2 O 7 could be readily indexed using a monoclinic unit cell with a = 5.491 Å, b = 5.479 Å, c = 20.181 Å, and β = 89.78°, in good agreement with previously analyzed samples. 8 Fluorination of La 2 SrCr 2 O 7 was performed using CuF 2 as a soft fluorination agent. 6 Typically CuF 2 is used as an in situ fluorine source which is mixed with the material to be fluorinated and converted into CuO during the reaction, according to eq 1, resulting in the inevitable contamination of samples by CuO.
To avoid this contamination, we have developed a process where CuF 2 is heated separately at 500°C under flowing oxygen, to liberate fluorine, and the resulting mixture of gases is then passed over the material to be fluorinated, as we have described in detail previously. 9 Thus, La 2 SrCr 2 O 7 was fluorinated by multiple heatings at 310°C under the O 2 /F 2 gas mixture until the reaction was deemed complete by X-ray powder diffraction.
Characterization. X-ray powder diffraction data were collected using a PANalytical X'pert diffractometer incorporating an X'celerator position-sensitive detector (monochromatic Cu Kα 1 radiation).
Neutron powder diffraction data were collected using the GEM diffractometer at the ISIS neutron source in the U.K., from samples contained in cylindrical vanadium cans. Rietveld profile refinements were performed using the GSAS suite of programs. 10 Thermogravimetric reduction measurements were performed by heating powder samples under a 10% H 2 in N 2 atmosphere using a Mettler-Toledo MX1 thermogravimetric microbalance. Magnetization data were collected from powder samples using a Quantum Design MPMS SQUID magnetometer in an applied field of 100 Oe. The μ + SR experiments were carried out at the Swiss Muon Source, PSI, in Switzerland. In a μ + SR experiment, spin-polarized muons were implanted in the bulk of a material and the time dependence of their polarization was monitored by recording the angular distribution of the subsequent positron decay.
■ RESULTS Fluorination Chemistry of La 2 SrCr 2 O 7 . Heating samples of LaSrCr 2 O 7 at 310°C under an F 2 /O 2 gas flow, as described above, yields a black material and led to an expansion of the c lattice parameter of the phase, as determined by powder X-ray diffraction, consistent with the topochemical insertion of fluorine. During the fluorination process the only phases observed by diffraction were the starting material and the "fully fluorinated" product phase, with no evidence of intermediate, partially fluorinated phases. Raising the reaction temperature above 310°C led to the formation of poorly crystalline binary fluoride phases (SrF 2 , LaF 3 ) consistent with nontopochemical decomposition reactions. It should be noted that heating samples of La 2 SrCr 2 O 7 under a pure oxygen flow at 310°C in the absence of CuF 2 led to no observable reaction.
Compositional Characterization of La 2 SrCr 2 O 7 F 2 . Attempts to determine the composition of the product of fluorination of La 2 SrCr 2 O 7 via iodometric titration proved ineffective, as the fluorinated phase was insoluble. As an alternative, fluorinated samples were heated to 800°C under a flowing 10% H 2 /N 2 atmosphere on a TGA microbalance. X-ray powder diffraction data collected from samples heated in this way indicated that the sample had been converted to a mixture of SrF 2 and LaCrO 3 ( Figure S1 in the Supporting Information). In combination with the observed mass loss (2.46%, Figure S2 in the Supporting Information) and the structural analysis described below, this is consistent with a composition of La 2 SrCr 2 O 7 F 2 for the fluorinated sample.
Structural Refinement of La 2 SrCr 2 O 7 F 2 . Neutron powder diffraction data collected from a fluorinated sample of La 2 SrCr 2 O 7 , henceforth referred to as La 2 SrCr 2 O 7 F 2 , could be indexed using a monoclinic unit cell (a = 5.426 Å, b = 5.468 Å, c = 22.682 Å, β = 90.4°) with extinction conditions consistent with A-centering. A model based on the structures of fluorineinserted Sr 3 M 2 O 7 F 2 Ruddlesden−Popper phases 5, 6 was constructed in space group A2/a and refined against the diffraction data. During the refinement the La/Sr A-cation distribution was fixed at the values observed for the La 2 SrCr 2 O 7 parent phase, 8 with all other atomic positional and displacement parameters allowed to refine freely. Given the similarity of the neutron scattering lengths of oxygen and fluorine (O, 5.80 fm; F, 5.65 fm) 11 no attempt was made to determine the anion distribution at this stage, and all the anion sites were occupied by oxygen within the model. Refinement of the anion site occupancies indicated that all the anion sites were fully occupied, within error. In common with the all-oxide parent phase, the diffraction data collected from La 2 SrCr 2 O 7 F 2 exhibited weak hkl dependent peak broadening; therefore, an anisotropic broadening axis (001) was added to the peak shape description to allow crystal microstrain perpendicular and parallel to this axis to be refined independently. In addition, features attributable a small amount of LaCrO 3 in the sample were observed; therefore, a second phase was added to the structural model to account for these. The refinement converged smoothly to give a good statistical fit; details of the refined structure of La 2 SrCr 2 O 7 F 2 are given in Table 1 with selected bond lengths in Table 2 . Plots of the observed and calculated data are shown in Figure S3 in the Supporting Information. Analysis of the bond valence sums (BVS) 12 of the different anion sites in the structure of La 2 SrCr 2 O 7 F 2 (described in detail in the Discussion) reveals that, in common with many previously reported A 3 B 2 O 7 F 2 phases, 5, 6 the fluoride ions in La 2 SrCr 2 O 7 F 2 are located on the new interstitial anion sites located within the rock salt layers of the material and are therefore described in this way in Table 1 .
Magnetic Characterization of La 2 SrCr 2 O 7 F 2 . Magnetization data collected from La 2 SrCr 2 O 7 F 2 in an applied field of 100 Oe show a divergence between zero-field-cooled and fieldcooled data below 280 K (which corresponds to the magnetic ordering temperature of the La 2 SrCr 2 O 7 starting material) 8 which increases dramatically below 140 K, as shown in Figure 2 . Cr ( Neutron powder diffraction data collected from La 2 SrCr 2 O 7 F 2 at 5 K show additional diffraction features in comparison to analogous data collected at 300 K, consistent with the presence of magnetic order at low temperature. The additional diffraction features can be indexed using the crystallographic unit cell, indicating the magnetic ordering vector k = 0. A magnetic symmetry analysis using the SARAh code 13 was performed (space group A2/a) to yield four irreducible representations each consisting of three basis vectors. These symmetry-compatible magnetic models were individually refined against the low-temperature neutron diffraction data, and it was observed that the magnetic diffraction intensity was best accounted for using the irreducible representation corresponding to Shubnikov group A2/a, which is a G-type antiferromagnetic model with spins aligned parallel to the crystallographic c axis, as shown in Figure 3 . This irreducible representation allows for weak ferromagnetism along the crystallographic b axis (consistent with the weak ferromagnetism observed in the magnetization data); however, this component of the magnetic lattice was too small to be extracted from the diffraction data and so was set to 0. A full description of the nuclear and magnetic structural refinement of La 2 SrCr 2 O 7 F 2 is given in Tables S3 and S4 in the Supporting Information, along with plots of the observed and calculated diffraction data ( Figure S5 in the Supporting Information). Neutron diffraction data collected on warming the sample indicate that the ordered moment declines from a value of 1.32(2) μ B per chromium center at 5 K to 0 μ B at 140 K, as shown in Figure 2 . The observed ordered moment at 5 K is smaller than what would be expected for a spin-only, S = 1 center, suggesting an unquenched orbital contribution to the moment.
Zero-field μ + SR data were collected from La 2 SrCr 2 O 7 F 2 as a function of temperature. As shown in Figure S4 in the Supporting Information and Figure 2 , strong persistent oscillations were observed in data collected at 5 K, consistent with long-range antiferromagnetic order. These oscillations declined in frequency with increasing temperature and ultimately disappeared from the signal at T ≈ 140 K, in agreement with the antiferromagnetic ordering temperatures observed in the magnetization and neutron diffraction data. A cold-pressed pellet of LaSr 2 Cr 2 O 7 F 2 had a resistivity at room temperature which was greater than what could be measured with our apparatus (ρ > 100 KΩ cm @ 300 K), consistent with insulating behavior. , determined by refinement against neutron powder diffraction data, has an additional tetrahedral anion coordination site within the "rock salt" layers of the phase, in comparison to the La 2 SrCr 2 O 7 parent phase, in common with other topochemically fluorinated n = 2 Ruddlesden−Popper oxides. As noted above, the lack of X-ray or neutron scattering contrast between O 2− and F − prevents the direct determination of the oxide/ fluoride anion distribution from diffraction data. However, it is possible to deduce the oxide/fluoride distributions in some oxide fluoride phases by detailed examination of the local bonding at anion sites using bond valence sums (BVS). 5, 9, 14 Table 3 shows the bond valence sums for the five crystallographically distinct anion sites in the structure of La 2 SrCr 2 O 7 F 2 , calculated as if they were occupied by either oxide or fluoride ions, and those of the analogous anion sites in the La 2 SrCr 2 O 7 parent phase calculated for oxide occupation. The anion labeling scheme is shown in Figure 1 (X labels) and Table 1 (O/F labels). These data clearly show that the BVS of the additional anion site (X(5)/F(1)) is the smallest of all the anion sites in the phase, with values consistent with the occupation of fluoride rather than oxide. This is further supported by the observation that the La/Sr(2)−F(1) bond lengths range from 2.48 to 2.56 Å, which is very similar to the Sr−F bond length observed for SrF 2 (2.511 Å) 15 and the range of M−F bond lengths seen in other fluorine intercalated Ruddlesden−Popper phases. 5, 6 Furthermore, the La/Sr(2)− F(1) bond lengths are much longer than would be expected for an La/Sr−O bond. Thus, given that we know the composition of the phase is La 2 SrCr 2 O 7 F 2 and that the X(5) anion site is suitable for fluorine, but not for oxygen, we can conclude that, in common with Sr 3 (Ru 0.5 M 0.5 ) 2 O 7 (M = Ru, Mn, Ti) phases, the fluorination of La 2 SrCr 2 O 7 occurs via the simple insertion of fluoride ions into the tetrahedral interstitial anion site within the phase.
An additional structural consequence of the fluoride insertion into La 2 SrCr 2 O 7 is a dramatic compression of the doubleperovskite layers within the phase. While the c lattice parameter increases from 20.182 to 22.682 Å on fluorination, the c dimension of the double-perovskite blocks (measured as the distance parallel to the z axis between the axial O(1) anions) decreases from 7.99 to 7.50 Å, as shown in Figure 4 . This compression is greater than the contraction of the axial Cr−O bonds on oxidation, and in combination with the small contraction in the ab plane, this results in an increase in the size of the tilting and twisting distortions of the apex-linked CrO 6 octahedra on fluorination, such that the Cr−O−Cr bond angles contract from 170.8°, 175.0°, and 173. 16 ) of the perovskite double layers. The tightening of the Cr−O−Cr bond angles is slightly counterintuitive, as a more simple analysis might expect the tolerance factor, t (t = ⟨A−O⟩/ (√2⟨B−O⟩)), to increase on oxidation of Cr 3+ to Cr 4+ and thus the Cr−O−Cr bond angles to approach 180°. However, it appears that the insertion of fluoride ions into the rock salt layers of the host phase leads to a contraction of the La/Sr−F sheets, which in combination with the increase in anion−anion repulsion on fluoride insertion overcomes the change in the tolerance factor, leading to a tightening of the bond angles, as has been observed previously in analogous fluorine insertion reactions. 5 Physical Behavior. Neutron diffraction, μ + SR, and magnetization data reveal that La 2 SrCr 2 O 7 F 2 adopts a canted antiferromagnetic state below 140 K and is electronically insulating. Direct comparison of this behavior with other Cr(IV) oxide phases which adopt perovskite or related structures is hampered by the presence of impurity phases in samples of these materials prepared at high pressure. 2 However, if the presence of impurities is taken into account, a survey of related phases reveals three suitable phases for comparison: Sr 3 Cr 2 O 7 , a structurally undistorted n = 2 Ruddlesden−Popper phase (space group I4/mmm, Cr−O−Cr = 180°) which is observed to be semiconducting, with antiferromagnetic order observed below 220 K;
2 CaCrO 3 , a structurally distorted perovskite phase (space group Pnma, Cr−O−Cr = 158.9, 157.7°) which exhibits antiferromagnetic order below 90 K; 17, 18 SrCrO 3 , an undistorted perovskite phase (space group Pm3̅ m, Cr−O−Cr = 180°) which has been described by different authors as either a paramagnetic phase with no sign of magnetic order down to 2 K 19 or as a phase which undergoes an orbital ordering transition and exhibiting antiferromagnetic order below T N ≈ 40 K, 20 the discrepancy presumably arising from the difficulty in preparing phase-pure, oxygen-stoichiometric samples.
At first sight the structure−property relations of these phases appear contradictory: structurally distorted CaCrO 3 has a higher magnetic ordering temperature than undistorted SrCrO 3 , yet structurally undistorted Sr 3 Cr 2 O 7 has a higher magnetic ordering temperature than distorted La 2 SrCr 2 O 7 F 2 . These apparently contradictory structure−property relationships can be rationalized by considering the analysis previously described by Goodenough which relates the magnetic ordering temperature of a phase to the strength of interaction between metal centers, quantified by the transfer integral b.
17,21 Figure 5 shows a schematic phase diagram for the expected evolution of the magnetic ordering temperature (T N ) of a phase as a function of interaction strength. When the interaction between metal centers is low (small b), phases are highly insulating with low magnetic ordering temperatures. As b increases, superexchange interactions strengthen and T N increases. However, when the interaction between metals reaches a critical value, b c , intermetallic interactions are strong enough to allow some of the valence electrons to become itinerant, screening the Figure 5 . In contrast, the layered phases Sr 3 Cr 2 O 7 and La 2 SrCr 2 O 7 F 2 appear to lie in the region b < b c , as this would be consistent with the observation that T N declines with decreasing Cr−O− Cr bond angle. The small transfer integral, b, observed for the layered Ruddlesden−Popper phases in comparison to that for the perovskite materials can be rationalized by observing that the addition of rock salt layers into the extended perovskite lattice lowers the dimensionality of the system, decreasing the average Cr−Cr intercation interaction and thus reducing b. An analogous band narrowing has been observed in the Sr n+1 Ir n O 3n+1 series, in which "3-dimensional" SrIrO 3 is a correlated metal but "2-dimensional" Sr 2 IrO 4 is a Mott insulator. 22 
■ CONCLUSION

